Aims. In the course of a project to study eclipsing binary stars in vinicity of the Sun, we found that the cooler component of LL Aqr is a solar twin candidate. This is the first known star with properties of a solar twin existing in a non-interacting eclipsing binary, offering an excellent opportunity to fully characterise its physical properties with very high precision. Methods. We used extensive multi-band, archival photometry and the Super-WASP project and high-resolution spectroscopy obtained from the HARPS and CORALIE spectrographs. The spectra of both components were decomposed and a detailed LTE abundance analysis was performed. The light and radial velocity curves were simultanously analysed with the Wilson-Devinney code. The resulting highly precise stellar parameters were used for a detailed comparison with PARSEC, MESA, and garstec stellar evolution models.
Introduction
Solar twins are of special astrophysical interest. As the stars most physically similar to the Sun, they are prime targets for extrasolar planet search projects (e.g. Butler et al. 1998; Howard et al. 2010; Bedell et al. 2015) , allow for precise differential abundance analysis relative to the Sun (e.g. Meléndez et al. 2009; Ramírez et al. 2009; Gonzalez et al. 2010) , enable the determination of the colours of the Sun (e.g. Casagrande et al. 2012; Ramírez et al. 2012) , and aid the calibration of the effective temperature scale (Casagrande et al. 2010) , to mention a few important areas.
Detailed spectroscopic analysis of bright solar twins can give precise temperatures, gravities, and surface abundances, however, their radii and especially masses can be found with much less precision. The closest solar twin, 18 Sco, had its physical radius directly determined using optical interferometry (Bazot et al. 2011, precision of 1%) . However, its mass was measured only indirectly using asteroseismology and the homology relation, giving a precision of 3% (Bazot et al. 2011) . Using similar methodology the solar twins of the 16 Cyg binary system had their radii and masses determined with precisions of about 2% and 4%, respectively (White et al. 2013) . HIP 56948, the star most similar to the Sun identified to date, has had its mass and radius determined to a precision of 2% but only indirectly, i.e. utilizing stellar evolution models and making differential isochrone analysis . In a number of recent more general studies of solar twins (e.g. Porto de Mello et al. 2014; Ramírez et al. 2014; Nissen 2015 ) the determination of their masses (and subsequently radii) was performed only by means of comparison with theoretical evolutionary tracks.
In this work we report a detailed analysis of LL Aqr (HD 213896, HIP 111454 • 35 58 ), a well detached eclipsing binary containing two solar-type stars. We included this system in our long-term project of investigating nearby eclipsing binaries with Hipparcos parallaxes and/or a large angular separation between the components Gallenne et al. 2016) . LL Aqr was previously analysed byİbanoǧlu et al. (2008) , who obtained the first photometric solution and absolute dimensions from dedicated U BV photometry and spectroscopy; later by Griffin (2013) , who obtained a refined orbital solution of the system; and subsequently by Southworth (2013) , who carried out a comprehensive study of the light and velocity curves. While checking the consistency of published radiative parameters of this system, we found that the stars are substantially cooler than the literature estimates 2. Observations 2.1. Photometry
UBV
We used broadband Johnson U BV photometry collected bẏ Ibanoǧlu et al. (2008) using two telescopes at Ege University Observatory in Turkey. The data comprise 1925 photometric points in each band. The details of the observations and set-up are given inİbanoǧlu et al. (2008) .
WASP
We used an extensive light curve of LL Aqr obtained by the Super-WASP consortium in the course of their search for transiting extrasolar planets (Pollacco et al. 2006 ). The light curve was cleaned of outliers using 3σ clipping and details are given in Southworth (2013) . Because the cleaned light curve contains 21 362 datapoints and it is much larger then the combined Johnson photometry, we decided to reduce the number of datapoints as follows. We cut out datapoints covering both eclipses, in the orbital phase intervals −0.01 to 0.01 (412 points) and 0.305 to 0.330 (668 points), using ephemeris given by Southworth (2013) . The remaining datapoints were used to calculate the mean out-of-eclipse magnitude. Then we selected every 20th datapoint from these remaining datapoints in such a way that their average was closest to the out-of-eclipse magnitude. Finally we combined the data from the outside and inside eclipses and obtained a final WASP light curve with 2104 datapoints. This procedure introduces no bias in the results because the light curve of LL Aqr is an almost perfectly flat outside eclipse.
Spectroscopy

HARPS
We obtained spectra of LL Aqr with the High Accuracy Radial velocity Planet Searcher (HARPS; Mayor et al. 2003) on the European Southern Observatory 3.6 m telescope in La Silla, Chile. LL Aqr is a bright target so observations were generally obtained in marginal observing conditions or during twilight. Observations were obtained between 2008 December 10 and 2014 September 8. A total of 16 spectra were secured in high efficiency ("EGGS") mode. The exposure times were typically 260 s resulting in an average signal to noise per pixel S/N ∼ 55. All spectra were reduced on-site using the HARPS Data Reduction Software (DRS). 
Analysis
Radial velocities
We used RaveSpan (Pilecki et al. 2012 (Pilecki et al. , 2013 to measure the radial velocities of both stars in the system using the broadening function (BF) formalism (Rucinski 1992 (Rucinski , 1999 . We used templates from the library of synthetic LTE spectra by Coelho et al. (2005) matching the mean values of estimated effective temperature and gravity of the stars in the binary. The abundance was assumed to be solar. There is a small difference in the systemic velocities of the two components, where the primary component is blueshifted by 195 ± 12 m s −1 with respect to the secondary. A very similar difference of 270 ± 140 m s −1 was reported by Southworth (2013) based on velocimetry from Griffin (2013) . However our absolute systemic velocity of the system is differ-D. Graczyk et al.: The eclipsing binary LL Aqr (Henden et al. 2016 ), 6 -URAT1 (Zacharias et al. 2015) ent by as much as 1.4 km s −1 , which is a value that is much larger than the measurements errors. It is very unlikely that this offset of 1.4 km s −1 is a true shift because we do not see any progressive trend in the systemic velocity of the system. Most probably this shift comes from different methods of radial velocity determination used in our work and by Griffin (2013) . The systemic velocity reported byİbanoǧlu et al. (2008) is, on the other hand, fully consistent with our value.
The line profiles of both stars are virtually Gaussian, suggesting the rotational velocities are small. The total broadening of the lines interpreted in terms of projected equatorial rotational velocity is 6.5 ± 1.0 km s −1 and 5.7 ± 0.8 km s −1 , for the primary and secondary components, respectively. In reality the projected rotational velocities are smaller than this because the total line broadening includes contributions from macroturbulence, microturbulence, and instrumental broadening. Decomposition of those effects were carried out during atmospheric analysis of disentangled spectra (see Sec. 3.3). The primary is about 2.5 times more luminous in V band than the secondary, and although they have similar rotational broadening, the root-mean-square (rms) of the radial velocity residuals is similar for both components. This is in contrast to expectations because one would obtain higher S/N ratio and more precise radial velocity measurements for a brighter star. Some additional variability in the primary, for example the presence of small amplitude non-radial pulsations may cause larger than expected rms.
Spectral decomposition
During the secondary (shallower) eclipse, the light from the cooler component is completely blocked by the companion. A spectrum taken exactly during the mid-point of the secondary eclipse would contain only light from the primary. As none of our high-resolution spectra were taken at this orbital phase, we decided to decompose the observed spectra into individual spectra of both components. We included all HARPS and CORALIE spectra in this analysis and used the iterative method outlined by González & Levato (2006) , which is implemented in the RaveSpan code. We used the previously measured radial velocities and we repeated the iterations twice. In order to renormalise the spectra we used the photometric parameters from Southworth (2013) but with temperatures lower by about 500 K (see Sect. 3.5), and we calculated appropriate light ratios with the Wilson-Devinney code (hereafter WD; see Sec. 3.6 for details and references). The resulting individual spectra have S/N = 165 for the primary and S/N = 90 for the secondary at 5500 Å. A comparison of the secondary's spectrum with that of the Sun 1 is shown in Fig. 1 , which intentionally covers the same wavelength interval as the middle panel of Fig. 1 in Meléndez et al. (2012) . The spectra are very similar; the secondary's spectrum has some absorption lines that are a little deeper, reflecting its slightly lower surface temperature than the Sun.
Atmospheric and abundance analysis
A detailed spectroscopic analysis of the disentangled spectra of the components makes possible an independent determination of the effective temperatures for both stars and, in turn, the measurements of the elemental photospheric abundances and metallicity.
The iron lines, and in particular neutral iron lines, Fe i, are the most numerous in the spectra of both components, and they alone can be used to determine the atmospheric parameters. The condition of excitation balance was used to measure the effective temperature, T eff . The microturbulent velocity, v t , was determined by enforcing no dependence between the iron abundance and the reduced equivalent widths, log(EW/λ). Here, we used the advantage that very precise surface gravities are available from the radii and masses measured from the light and velocity curves. The values we used are log g A = 4.274 ± 0.004, and log g B = 4.451 ± 0.004. Equivalent widths of Fe i and Fe ii lines carefully selected from the line list of Bruntt et al. (2012) were measured with the uclsyn code (Smalley et al. 2001) , which was also used for the calculation of the theoretical spectra. We derived v sin i by an optimal fitting of selected lines with rotationally broadened theoretical spectra. We account for an instrumental profile of the HARPS spectrograph by measuring the width of telluric lines in original spectra. The T eff and v t were iteratively modified until there were no trends of Fe i abundance with excitation potential or equivalent width. The uncertainties in T eff , A&A proofs: manuscript no. Graczyk-astroph Table 3 . Measured photospheric elemental abundances for the components of LL Aqr, derived from our disentangled HARPS and CORALIE spectra. Columns list the atomic number, element, and degree of ionisation, and then for each component the logarithmic value of the elemental abundance on the usual scale in which log n(H) = 12, the number of spectral lines measured, and the logarithmic abundance relative to the Sun of element X with respect to hydrogen. The last column gives the reference photospheric solar values from Asplund et al. (2009 and v t were calculated from the uncertainties in functional dependences of the iron abundance on excitation potential and reduced equivalent widths, respectively. Using the excitation balance method, we obtained In the calculation of the uncertainties in abundances we take into account the error propagation due to uncertainties in the T eff and v t besides an intrinsic scatter in the abundances for different lines. We therefore find that the iron abundances for both components of LL Aqr are indistinguishable from solar.
Determination of the iron abundance from singly ionised iron lines, Fe ii, serves as a check for the fulfilment of the iron ionisation balance. The iron abundances derived for both ions and for both stars in the LL Aqr system are given in Table 3 . The iron ionisation balance is fulfilled for both stars, and deviations of iron abundance from two ions are only 0.01 dex for both stars, which is well within the uncertainties.
The low projected rotational velocities of both stars makes possible high-precision equivalent width measurements and abundance determinations for an additional 16 species besides iron and including lithium (see Sect. 4). The results are given in Table 3 . For the average metal abundance relative to solar, and excluding Li and Ba which are based on a single line measurement, we find [M/H] A = 0.02 ± 0.04 and [M/H] B = 0.03 ± 0.06. These corroborate our conclusions from the iron abundances that the photospheric compositions of the stars in the LL Aqr are basically solar to within their 1σ uncertainties.
Interstellar extinction
We used extinction maps (Schlegel et al. 1998 ) with recalibration by Schlafly & Finkbeiner (2011) to determine the reddening in the direction of LL Aqr. The total foreground reddening in this direction is E(B − V) = 0.044 ± 0.003 mag. We followed the procedure described in detail in Suchomska et al. (2015) , assuming a distance to LL Aqr of D = 0.14 kpc (Southworth 2013) and obtaining E(B− V) LL Aqr = 0.018 ± 0.020 mag, where we assume a very conservative uncertainty.
We also used a calibration between the equivalent width of the interstellar absorption sodium D1 line and reddening by Munari & Zwitter (1997) . The interstellar D1 line has one narrow component of constant radial velocity of −4.6 km s −1 with a mean equivalent width of 0.079 Å. This corresponds to a colour excess of E(B − V) = 0.018 mag and we assumed an error of 0.02 mag. Both estimates point towards a small reddening in the direction of LL Aqr. We adopted an extinction of E(B − V) = 0.018 ± 0.014 mag as the final value.
The above reddening is much smaller than the value derived byİbanoǧlu et al. (2008) and used in subsequent analysis of the system by Southworth (2013) . The likely reason for the strong overestimate of extinction byİbanoǧlu et al. (2008) is that they used the Q method, which for solar-type stars gives large uncertainties because of heavy line blanketing in the wavelength region covered by the U, B, and V bands (e.g. Wildey et al. 1962) . The "line-blanketing" vectors largely coincide with the direction of the reddening vector on the B − V, U − B diagram, which produces a strong degeneracy between metallicity and reddening, for example compare Fig. 3 and Fig. 5 from Arp (1961) and Wildey et al. (1962) , respectively. Thus even relatively small photometric errors translate into significant reddening uncertainty.
Determination of effective temperatures
The revised value of the extinction causes large change in the dereddened colours of the system, which become significantly redder and suggest much lower temperatures than those derived byİbanoǧlu et al. (2008) . Our initial estimate suggested temperatures cooler by about 500 K, thus placing the secondary in the solar twin region and prompting our reanalysis of this system. We used four different methods to determine the temperature of the stars utilizing (1) colour-temperature calibrations, (2) a calibration of line depth ratio versus temperature, (3) atmospheric analysis of decomposed spectra, and (4) the temperature ratio determined through analysis of the multi-band light curves with the WD code (see Section 3.6 for details).
Colour -temperature calibrations
To estimate the effective temperatures of the two stars, we collected multi-band apparent magnitudes of the system. They are summarised in Table 2 . Using published Johnson V and B magnitudes, we calculated weighted means that were employed in the temperature determination V = 9.243 ± 0.037 mag and B = 9.821±0.052 mag. Both magnitudes have relatively large errors because of the significant spread of the published values. We converted 2MASS magnitudes into Johnson magnitudes using transformation equations from Bessell & Brett (1988) and Carpenter (2001) 2 . The reddening (Sect. 3.4) and the mean Galactic interstellar extinction curve from Fitzpatrick & Massa (2007) , assuming R V = 3.1, were combined with light ratios from the WD code to determine the intrinsic colours of the components. We used a number of colour -temperature calibrations for a few colours, i.e. B − V (Alonso et al. 1996; Flower 1996; Ramírez & Meléndez 2005; González Hernández & Bonifacio 2009; Casagrande et al. 2010) , V − J, V −H (Ramírez & Melén-dez 2005; González Hernández & Bonifacio 2009; Casagrande et al. 2010) , and V − K (Alonso et al. 1996; Houdashelt et al. 2000; Ramírez & Meléndez 2005; Masana et al. 2006; González Hernández & Bonifacio 2009; Casagrande et al. 2010; Worthey & Lee 2011) . As the source for infrared photometry is 2MASS (Cutri et al. 2003 ) (see Table 2 ) we used appropriate colour transformations for each calibration. The resulting temperatures were averaged for each colour used and are reported in Table 4 .
Line depth ratios
The method based on ratios of absorption lines with different excitation potentials was claimed to give very precise relative temperatures and thus is well suited to follow temperature changes over the surface of the stars (e.g. Gray 1994 ). We used calibrations given by Kovtyukh et al. (2003) that are valid for F-K dwarfs. We measured line depths by fitting Gaussians to unblended line profiles in the decomposed spectra. This way we could use 43 line depth ratios for the primary and 68 line depth ratios for the secondary from the total number of 105 calibrations provided by Kovtyukh et al. (2003) . The derived temperatures are reported in Table 4 .
Adopted values
The results of the atmospheric analysis are provided in Sect. 3.3. Table 4 summarises our temperature determinations and we can conclude that different methods give very consistent results. In case of the primary its most robust temperature comes from the atmospheric analysis and we fixed this value in the subsequent light curve analysis. The temperature of the secondary was adopted from the light curve analysis that gives a precise value of the temperature ratio T 2 /T 1 (see Section 3.6) and it is very close to a weighted mean of 5713 K. Although temperature -colour relations suggest slightly higher temperatures for both components, they lie well within the uncertainties of the adopted temperatures. The temperatures we derive are significantly lower than those reported byİbanoǧlu et al. (2008) . Their estimate was based on temperature -colour relations and, as they used too strong an extinction value (see our Sect. 3.4), the dereddened colours were too blue and the temperatures were overestimated.
Analysis of the combined light and radial velocity curves
The motivation for this work was to derive very precise physical parameters of LL Aqr. This would be possible by combining the orbital parameters from our radial velocities with the precise photometric parameters derived by Southworth (2013) with the jktebop code (Southworth et al. 2004a,b) . Although this approach is entirely acceptable, we decided to obtain a complete simultaneous solution of the photometry and velocities with another code: the Wilson-Devinney program (Wilson & Devinney 1971 ) (hereafter WD). This would allow us to take full advantage of the simultaneous solution of the multi-band light and radial velocity curves and to access additional information about possible systematics in the model. The analysis was performed with version 2007 of the WD code (Wilson 1979 (Wilson , 1990 van Hamme & Wilson 2007) 3 equipped with a python wrapper written by P. Konorski. The systematic error caused by simultaneous solution with the WD code seems to be negligible as was extensively discussed in our previous work on the eclipsing binary HD 187669 (Helminiak et al. 2015) .
Initial parameters
We fixed the temperature of the primary component during analysis to T 1 = 6080 K (see Section 3.5) and the metallicity to [Fe/H] = 0. The grid size was set to N = 40 and standard albedo and gravity brightening coefficients for convective stellar atmospheres were chosen. We assumed a detached configuration in the model and a simple reflection treatment (MREF = 1 and NREF = 1). The stellar atmosphere option was used (IFAT = 1), tidal corrections were automatically applied to radial velocity curves, and no flux-level-dependent weighting was used. We assumed synchronous rotation for both components. The epoch of the primary minimum was set according to the ephemeris given by Southworth (2013) . Both the logarithmic limb-darkening law (Klinglesmith & Sobieski 1970) , with coefficients tabulated by van Hamme (1993) , and the linear law, with adjusted linear coefficients, were used during analysis. The starting point for the pa- rameters of the binary system was based on the results in Southworth (2013).
Fitting model parameters
With the WD model we fitted four light curves (U, B, V and WASP) and two radial velocity curves corresponding to both components simultaneously. Each observable curve was weighted only by its rms through comparison with a calculated model curve. Altogether we adjusted the following parameters during our analysis: the orbital period P orb , semimajor axis a, mass ratio q, both systemic radial velocities γ 1,2 , phase shift φ, eccentricity e, argument of periastron ω, orbital inclination i, temperature of the secondary T 2 , modified Roche potentials Ω 1,2 , corresponding to fractional radii r 1,2 , and luminosity parameter L 1 . Additionally we fitted linear law limb darkening coefficients x in four passbands for each component and the third light l 3 . Our test solutions with the third light as a free parameter invariably returned values that were negative or consistent with zero, so we decided to fix l 3 = 0 during final analysis. The fit to the modified WASP light curve and radial velocities is shown in Fig. 2 . 
Results and physical parameters
In Table 5 we present parameters of the final fit, where T 0 , T p , T s are epochs of a periastron passage, the primary minimum and secondary minimum, respectively, and L 2 /L 1 denotes light ratio. The photometric parameters from our simultanous solution are very similar to those reported by Southworth (2013) from modelling the WASP light curve only. They are also consistent within the errors found in his final solution, as expected because we used the same photometric datasets. The model residuals of light curves in both eclipses are in practice almost indistinguishable from the residuals presented in Figures 2 and 3 in Southworth (2013) and we do not repeat them here. The orientation and shape of the orbit (i, e, ω) are also perfectly consistent, but there is a difference in the velocity semiamplitudes K 1,2 which are 2σ larger in our solution. The difference comes from different radial velocity datasets; Southworth (2013) used velocimetry published by Griffin (2013) whilst we used our own extensive and high-precision velocity measurements. We tried to incorporate velocimetry of Griffin (2013) into our solution but it gave residuals that were larger than our velocimetry by a factor of 10 and degraded the fit.
The absolute dimensions of the system were calculated using astrophysical constants following Torres et al. (2010) and additionally a total solar irradiance of 1360.8 ± 0.5 W m −2 (Kopp & Lean 2011) . The resulting effective temperature of the Sun is T = 5772 ± 1 K, which we assumed for calculation of the bolometric luminosities. The parameters of the system are summarised in Table 6 .
The primary eclipse is annular, i.e. the cooler component transits the disc of the larger and hotter companion star (see Fig. 3 ),. The secondary eclipse is a partial eclipse but is almost total, as at mid-eclipse; the primary component covers 99.94% of the projected surface area of the companion and blocks 99.97% of the flux in the V band.
The secondary as a solar twin
It is interesting to compare the secondary star of LL Aqr with the Sun. The differences (LL Aqr B − Sun) amount to −68 K in T eff , 0.013 dex in log g, 0.02 dex in [M/H], and 0.16 km s −1 in υ t ., The two stars are extremely similar, so LL Aqr B is one of the best candidates for a solar twin and is certainly the one with Article number, page 6 of 13 D. Graczyk et al.: The eclipsing binary LL Aqr the best-known absolute dimensions. The spectra of both stars are very similar although the 6707.8 Å lithium line of LL Aqr B is stronger than in the Sun, signifying a younger age (see e.g. Galarza et al. 2016 ). Using Eq. 1 from Carlos et al. (2016) and the lithium abundance of A(Li) = 1.65 ± 0.10 dex (LTE), we estimate the age of LL Aqr B to be 2.0 ± 0.1 Gyr, which compares well with the isochronal age of between 2.29 and 2.67 Gyr derived from stellar evolution modelling (see Sect. 5). We also compared the intrinsic colours of both components with the Sun (see Table 7 ). Within the quoted errors all colours of LL Aqr B are fully consistent with the Sun's colours. The activity of both stars in the LL Aqr system is very low, in fact undetectable (Southworth 2013) , which suggests that the secondary is a quiet star, and so is also in this respect similar to the Sun. Thus all discrimination methods used to establish close kindred with the Sun (i.e. similarity of spectra, atmospheric parameters, intrinsic colours, and absolute dimensions) give a very consistent picture for LL Aqr B as a solar twin.
Stellar evolution models for LL Aqr
With precisely determined stellar parameters, LL Aqr is an excellent testbed for stellar evolution theory. Its modelling should be relatively simple: it is a well detached system composed of two low-mass main-sequence stars. The secondary is a solar twin, its interior is radiative, and a significant convective zone is present in the envelope. The mass of the primary, on the other hand, puts it in the transition region in which the convective core appears and the convective envelope shrinks (see e.g. Fig. 22 .7 in Kippenhahn et al. 2012) . We first confronted the parameters of LL Aqr with the PAdova and TRieste Stellar Evolution Code (PARSEC) isochrones (Bressan et al. 2012) , then with stellar evolutionary tracks computed with the Modules for Experiments in Stellar Astrophysics (MESA) (e.g. Paxton et al. 2015) , and last with the standard set of assumptions (e.g. no diffusion, fixed mixing-length parameter calibrated on the Sun). Then, we explored the effects of advanced and non-standard effects, i.e. of element diffusion and different convective efficiencies (mixinglength parameters) for the two components using the MESA stellar evolution code and, finally, we performed a Bayesian analysis using garstec code.
PARSEC isochrones and MESA standard evolutionary models
In Fig. 4 we plot the best-fitting PARSEC isochrones for two metal abundances, Z = 0.0148, which corresponds to the measured metal abundance of the components of the system, and for much higher metal content, Z = 0.0188. Along each isochrone, we interpolate the point at which the masses are exactly equal to the masses of the components of LL Aqr (as given in Table 6 ; see also below). Then, a particular isochrone (age) was selected to minimise the χ 2 function in which we include the temperatures, radii, and luminosities of the two components. A severe disagreement is noticeable. Even for a very high metal abundance the isochrones are too hot.
The discrepancy is further confirmed with computation of stellar evolutionary tracks with the publicly available stellar evolution code MESA (release 7184, e.g. Paxton et al. 2015) . In the computations with MESA, we used OPAL opacities and solar heavy element distribution according to , hereafter AGSS09). The atmospheric boundary condition was set through interpolation in the atmosphere tables, as described in Paxton et al. (2011) . Standard mixing-length theory was used (Böhm-Vitense 1958). Convective overshooting was described following the standard approach with the extent of overshooting expressed as a fraction of the local pressure scale height, βH p , measured above (or below) the border of the convective region determined with the Schwarzschild criterion. Only overshooting from the hydrogen burning core (0.2H p ) is included; as noted above the overshooting influences the primary only. In this section, the mixing-length parameter was set to α MLT = 1.76, which results from the calibration of the standard solar model. In the calibration, the overshooting from the convective envelope was neglected and element diffusion was included. Other- wise, exactly the same numerical set-up and microphysics data were used.
To model LL Aqr, a small model grid with only two free parameters, the metal abundance, Z ∈ (0.0138, . . . , 0.0188) (step 0.0005), and the helium abundance, Y ∈ (0.264, . . . , 0.276) (step 0.002), was computed. Their surface values remain fixed as diffusion is neglected in the models considered in this section. The masses of the two components were fixed. The best models were selected by minimisation of χ 2 (including temperatures, radii and luminosities; the latter two are not independent), which was calculated for each pair of tracks in the grid and at the same age of the components. The best matching models, assuming Z = 0.0148 and Z = 0.0188, are plotted in The discrepancy between the models and observations is again apparent: the tracks are too hot. To get a better agreement (but still far from satisfactory) a much higher Z is needed, than observed. The discrepancy is clearly larger for the primary. We note that at the same, Z, the agreement between models and observations, is much better for the MESA tracks. This is mostly due to the different helium abundance, which is tightly linked to Z in the PARSEC isochrones (Y = 0.27472 for Z = 0.0148 and Y = 0.28210 for Z = 0.0188) and was a free parameter in the model grid computed with MESA. A much lower Y in the latter case shifts the tracks towards cooler temperatures and makes the system older.
As noted above, in our calculations the masses of the components are fixed and equal to the values derived from the analysis of LL Aqr observations. This is fully justified, taking into account the precise measurement of masses. In Fig. 5 we show the effect of increasing the masses by 3σ for tracks with Z = 0.0148 (dotted lines). The effect is barely visible; it is smaller than the effect of changing the metal content even by a small fraction of its formal measurement error.
Advanced modelling of LL Aqr
Both PARSEC isochrones and standard MESA predictions indicate that the models are too hot compared to the observations. The disagreement is more severe for the primary. A significant increase in the metallicity of the system only reduces the discrepancy. In this section we explore the two effects that should improve the agreement with the observations without invoking too large a metallicity. The first effect is heavy element and helium diffusion. Its MESA implementation follows the seminal work by Thoul et al. (1994) . Its inclusion allows us to set a higher initial metal abundance at the ZAMS, Z i , where the composition of both stars is homogeneous and is assumed to be the same. As stars evolve, the heavy elements sink owing to elemental diffusion and the photospheric Z decreases. Diffusion is an efficient process in the Sun (e.g. Bahcall et al. 2001) , hence, its inclusion in the modelling of LL Aqr, composed of a solar twin and a slightly more massive primary, seems natural. Still, inclusion of microscopic diffusion is not a rule in stellar evolutionary calculations; it is sometimes neglected (e.g. Bertelli et al. 2008) or only included in the calibration of the solar model (e.g. Pietrinferni et al. 2004 ). The diffusion leads to the concentration of heavy elements towards the centre; however, the chemical composition is homogeneous in the outer convective envelope. Hence, the deeper the convective envelope is, the higher the envelope (and photospheric) metal abundance, Z. The overshooting from the convective envelope may thus affect the photospheric Z. The envelope is clearly deeper in the secondary, while it is very thin in the primary, as model calculations show. Therefore, it is expected that the photospheric Z should be higher in the secondary. Although the effect is not observed, as the measurement errors, Z P = 0.0148(7) and Z S = 0.0149(11), clearly allow some difference between the metal abundance of the components.
Hydrodynamic simulations show that adopting a single value of the mixing-length parameter for models of different masses is not appropriate. Also, keeping α MLT fixed during evolution is not appropriate, as properties of the convection vary significantly across the HR diagram (e.g. Trampedach & Stein 2011; Trampedach et al. 2014; Magic et al. 2015) . While instantaneous adjustment of α MLT during the evolution of the model, using some prescription derived from hydrodynamic simulations, is beyond the scope of the present analysis, we can easily check the effects of adopting different α MLT values for the primary and for the secondary. An analysis of simulations presented in Trampedach & Stein (2011 ), Trampedach et al. (2014 , and Magic et al. (2015) indicates that the primary's α MLT might be lower than secondary's α MLT by up to ≈ 0.1. Since the secondary is not identical to the Sun, a slightly different value of α MLT than Sun's calibrated value might also be allowed.
Based on the above considerations we computed a large model survey for LL Aqr with the following free parameters: the initial (ZAMS) metal abundance, Z i ∈ (0.0148, . . . , 0.0183) (step 0.0005, the same for both components), the initial ZAMS helium abundance, Y i ∈ (0.258, . . . , 0.276) (step 0.002; the same for both components), mixing-length parameter for the primary, α P ∈ (1.36, . . . , 1.76) (step 0.05), mixing-length parameter for the secondary, α S ∈ (1.60, . . . , 1.76) (step 0.02), and extent of the envelope overshooting, β e ∈ (0, . . . , 0.8) (step 0.2). Tests show that the extent of overshooting from the small convective core developed in the primary is not important (it is fixed to β H = 0.2H p ). Masses of the two components are fixed to the values given in Table 6 .
We first discuss the best matching model in the considered grid without imposing any additional constraints. Because of the degeneracy between the model parameters (e.g. an increase of Z i , decrease of Y i , and decrease of α all have the same effect of making the tracks cooler) and because our parameter grid is relatively dense, there are many models with very similar χ 2 value (χ 2 now includes the metallicities of the components). In Fig. 6 we plot the results for the best-fitting model (χ 2 = 2.3). The initial, ZAMS, composition of the components is Z i = 0.0173 and Y i = 0.274. Radii, luminosities, and effective temperatures are matched nearly exactly at log age = 9.359. The only significant discrepancy is observed for the current photospheric metal abundance of the secondary (Z S = 0.0162), which is higher than observed by ≈ 1σ ;s ee insert in the right panel of Fig. 6 . Although the fit is nearly perfect, the model parameters are difficult to accept. First, both mixing-length parameters are very low; the mixing-length parameter for the secondary, which is a solar twin, is α S = 1.62, which is far from the Sun-calibrated value (1.76). The difference between the mixing-length parameters of the components is also high, α S −α P = 0.21, about twice as large as seems to be acceptable in the light of the hydrodynamic simulations quoted above. The envelope overshooting parameters are also hard to accept: no overshooting for the secondary, which has large convective envelope, and strong overshooting for the primary, which has a thin convective envelope. Such overshooting parameters reduce the difference in the current photospheric Z of the components, but do not seem to be reasonable.
To check whether an acceptable fit can be obtained with more reasonable model parameters, we imposed the following constraints: (i) the mixing length for the secondary must be α S ≥ 1.72, (ii) the difference between the mixing length of the components must be α S − α P < 0.12, and (iii) the difference in envelope overshooting of the components is not larger than 0.4. With these constraints, we find that the minimum χ 2 values are around 30 − 35 for several models with initial chemical compositions Z i = 0.0183 or Z i = 0.0178 and with Y i in the 0.270 − 0.276 range. Higher metallicities than in the previously discussed cases result from the constraint on the mixing-length parameters. Since these now cannot be arbitrarily low, tracks are shifted towards cooler temperatures (to match the properties of LL Aqr) by the increase in metal abundance. The best model (χ 2 = 29.4) is plotted in Fig. 7 . The initial chemical composition at the ZAMS is Z i = 0.0183, Y i = 0.274 (for both components). The present compositions, at log age = 9.427, are Z P = 0.0150, Y P = 0.225, and Z S = 0.0171, Y S = 0.255. The metal abundance is 2.0σ larger than observed for the secondary. The mixinglength parameters are the lowest allowed by the imposed constraints. The extent of envelope overshooting for the secondary is 0.2H p , which is the lowest non-zero value considered in the grid. The overall fit for the secondary, except its metallicity, is very good. The fit is worse for the primary, but still reasonable; the tracks are about 1σ hotter and the match for metallicity is very good.
Bayesian analysis with garstec models
We also used the Bayesian method described in Kirkby-Kent et al. (2016, A&A submitted) to compare the parameters of LL Aqr to a large grid of stellar models calculated using the Garching Stellar Evolution Code (garstec) (Weiss & Schlattl 2008) . The methods used to calculate the grid are described by Maxted et al. (2015) and Serenelli et al. (2013) .
garstec uses the Kippenhahn et al. (2012) mixing-length theory for convection, which for α ml = 1.78 produces the observed properties of the Sun assuming the composition given by Grevesse & Sauval (1998, hereafter GS98) . Convective overshooting is treated as a diffusive process with overshooting parameter f = 0.020. Atomic diffusion of all atomic species is included by solving the multi-component flow equations of Burgers (1969) using the method of Thoul et al. (1994) . Macroscopic extra mixing below the convective envelope is included following the parametrisation given in Vandenberg et al. (2012) , which depends on the extension of the convective envelope. The initial helium abundance is calculated using
where Y BBN = 0.2485 is the primordial helium abundance at the time of the Big Bang nucleosynthesis (Steigman 2010) , Z i is the initial metal content, and dY/dZ= 0.984 is calibrated using the values of the initial helium and metal content of the Sun that provide the best fit to the properties of the present-day Sun (Y ,i = 0.26626, Z ,i = 0.01826, respectively). Further details of the models are described in Kirkby-Kent et al. (2016) . For this analysis we used model grids that cover three different mixing lengths, (α ml = 1.50, 1.78, and 2.04) for fixed initial 
was determined using a MCMC method. The uncertainties on the mass, radius, and luminosity of both stars are correlated, which makes it awkward to calculate the likelihood L(d|m). Instead we use d=(T eff,1 , ρ 1 , ρ 2 , T ratio , M sum , q, [Fe/H] s ), where M sum = M 1 + M 2 , q = M 2 /M 1 , T ratio = T eff,2 /T eff1 , and ρ 1,2 are the stellar densities. These parameters were chosen because they are closely related to a feature of the observatonal data and so are nearly independent, for example the stellar densities ρ 1 = (0.5176 ± 0.0072)ρ and ρ 2 = (1.026 ± 0.015)ρ , are calculated directly from R 1 /a and R 2 /a via Kepler's third law. By assuming that these parameters are independent, we can calculate the likelihood using L(d|m) = exp(−χ 2 /2), where
Observed quantities are denoted with 'obs' subscript and their standard errors are given by the appropriately labelled values of σ. We use a uniform prior for each model parameter over the available grid range because these parameters are strongly constrained by the data so the choice of the prior probability distribution function, p(m), has very little effect on the results. The initial point in the Markov chain is set using the best-fit age of the system for evolution tracks with masses fixed at the observed values and with [Fe/H] Fig. 7 . Best-fitting MESA tracks with element diffusion and allowing different values of mixing-length parameters for the models. Additional constraints were imposed on the models: α S ≥ 1.72, α S − α P ≤ 0.12 and |β P − β S | ≤ 0.4. The meaning of the insert is the same as in Fig. 6 . The meaning of the symbols is the same as in Fig. 5 q = (q 1 , q 2 , q 3 , q 4 ), where each of the transformed parameters has unit variance (Tegmark et al. 2004) . A final Markov chain of 500 000 steps using these transformed parameters is then used to calculate p(m|d).
The value of the effective temperature ratio has very little dependence on the T eff,1 so we use the value T ratio = 0.9380 ± 0.0035 for our analysis, where the estimate of the standard error comes directly from the error in T eff,2 in Table 5 . For [Fe/H] s we use the value for the primary star given in Table 6 . The results of this analysis are given in Table 8 and the best-fit evolution tracks for each star are compared to the posterior distributions for effective temparture (T eff ), luminosity (L), and radius (R) in Fig. 8. 
Final remarks
Careful re-examination of the radiative properties and absolute dimensions of both components of LL Aqr confirmed our suspicions that the secondary is a very good solar twin candidate. Because of the favourable and simple geometric configuration, it is possible to derive both radii and masses very precisely. We were able to improve the radius measurements only slightly, but the mass determinations are greatly improved with respect to the results of previous works on the system. From all known solar twin candidates, LL Aqr B has its absolute dimensions known with by far the best precision.
Despite its apparent simplicity, theoretical modelling of LL Aqr with PARSEC and MESA codes turned out to be very challenging. Standard isochrones and stellar evolutionary tracks (mixing-length parameters fixed to solar calibrated value) cannot reproduce the position of LL Aqr in the HR diagram; the models are too hot. The discrepancy is more severe for the more massive primary component. Two effects clearly improve the agreement: inclusion of element diffusion in the stellar evolutionary tracks and allowing for different mixing-length parameters for the two components. Inclusion of both effects is fully justified, the latter based on recent hydrodynamic simulations. The nearly perfect match (Fig. 6 ) is, however, obtained for model parameters that do not seem reasonable. The mixing-length parameter for solar twin (secondary) is much lower than for the Sun; also, the difference between the mixing lengths of the two components is difficult to reconcile with the results of hydrodynamic simulations because it is much too large. When additional constraints are put on the models, to avoid the aforementioned difficulties the best matching models are still reasonable (Fig. 7) . The most significant discrepancies concern the metallicity of the secondary and effective temperature of the primary; both are too low as compared with the models (effective temperature by 1σ only).
These calculations clearly demonstrate the power of mainsequence eclipsing binaries with precisely determined parameters in testing stellar evolution theory. With a larger sample of such systems, parameters such as element diffusion and the efficiency of convective energy transfer, as a function of the location of a star in the HR diagram, could be studied. Based on modelling only LL Aqr, we can conclude that a better treatment of convection than standard mixing-length theory, is necessary, which is also obvious in light of the hydrodynamical simulations. The treatment of diffusion is also still uncertain; see for example the discussions in Bressan et al. (2012) and Dell'Omodarme et al. (2012) . When confronted with precise observables, stellar evolution theory is clearly deficient. The best example is the modelling of the Sun. The depth of the convective envelope and surface helium abundance in the standard solar model disagree with the very precise asteroseismic measurements (Basu & Antia 2004) . Whatever the cause, it will also affect LL Aqr and similar systems. There is a growing amount of evidence that an increase in the opacity coefficient is needed in the so-called metal opacity bump (Z-bump), which is located at a temperature of log T ≈ 5.3 in a stellar atmosphere and caused by a large number of absorption lines produced by fine-structure transitions in the ions of the iron group. Such the increase is needed, not only to improve the modelling of the Sun (e.g. Serenelli et al. 2009 ), but also to improve the modelling of other pulsating stars, for example the B-type pulsators (e.g. Salmon et al. 2012; Walczak et al. 2013 ). It will also help to construct better models for LL Aqr. Now, to get the better agreement, a higher metallicity than observed is needed. The increase in Z mimics the increase of the Z-bump opacities. Hence, the increase in the Z-bump opacities would also improve the agreement between the models and observations without invoking metallicities that are too large.
Comparison of results from modelling LL Aqr using garstec and MESA stellar evolution codes show both similarities and Fig. 8 . Best-fit garstec stellar evolution tracks for LL Aqr. The posterior probability distributions for the parameters of both stars are shown using 1-sigma and 2-sigma error ellipses. The crosses show the same best-fit age for both tracks. In the right-hand panel the error bars show the adopted values for the effective temperature and radius of the stars. Table 8 . Age and parameters from the best-fitting model from a 500 000-step Bayesian age fitting method for model grids with different mixing lengths and helium abundances. The mean and standard deviation of the resulting age distribution for each model grid are also shown. differences. The two codes predict hotter and more metal rich components by about 1σ and 1.5σ, respectively. However, the garstec code predicts a significantly older age of the system (see Tables 6 ), higher initial metallicity, and suggests some slight helium underabundance. It can be explained as follows. As garstec models use GS98 solar mixture and MESA models use AGSS09, this leads to garstec models being hotter by about 200 K if α MLT , Y and Z are fixed (A. Serenelli, private communication) . In order to make garstec tracks cooler one needs to both an increase in Z and reduction in Y. This has the consequence of making tracks less luminous, so the observed luminosities are achieved at later evolutionary stage, i.e. larger ages. Anyway it would be possible to improve this fit by exploring the influence of other free parameters, such as the extent of the extra macroscopic mixing below the convective envelope, that are included in these models. The future work on the system should consist in a very detailed differential analysis of a spectrum of the secondary in respect of the solar spectrum. A high quality decomposed spectrum is needed with S/N of at least 200 to make this analysis feasible. That would allow us to redetermine atmospheric parameters such as temperature and metal abundance more accurately, and answer the question of whether tensions with evolution models predictions are caused by some systematics in our atmospheric parameters determination (especially temperature) or are caused by some deficiencies of the evolutionary codes. The system is also well suited for determination of its astrometric orbit with interferometry (e.g. Gallenne et al. 2016 ): maximum angular separation between components is 1.78 mas and the H-band flux ratio should be 0.53. Resulting geometric distance will allow for deriving very precise angular diameters of the components and for improving surface brightness colour calibrations.
